We describe DAMIAN, an open source bioinformatics tool designed for the identification of pathogenic microorganisms in diagnostic samples. By using authentic clinical samples and comparing our results to those from established analysis pipelines as well as conventional diagnostics, we demonstrate that DAMIAN rapidly identifies pathogens in different diagnostic entities, and accurately classifies viral agents down to the strain level. We furthermore show that DAMiAn is able to assemble full-length viral genomes even in samples co-infected with multiple virus strains, an ability which is of considerable advantage for the investigation of outbreak scenarios. While DAMiAn, similar to other pipelines, analyzes single samples to perform classification of sequences according to their likely taxonomic origin, it also includes a tool for cohort-based analysis. this tool uses cross-sample comparisons to identify sequence signatures that are frequently present in a sample group of interest (e.g., a diseaseassociated cohort), but occur less frequently in control cohorts. As this approach does not require homology searches in databases, it principally allows the identification of not only known, but also completely novel pathogens. Using samples from a meningitis outbreak, we demonstrate the feasibility of this approach in identifying enterovirus as the causative agent.
. Schematic representation of the data processing steps performed by DAMIAN. Depicted are the individual modules in the DAMIAN workflow starting with FASTQ as input files for the analysis. Individual samples are generally processed independently first. An optional cohort analysis can later be performed on any number of previously processed samples.
Functional annotation and contig ranking. The amino acid sequences are screened for known protein domains. The domains are classified according to the taxonomic entities they are associated with. Some domains, for example, are only found in viruses while others are specific to bacteria or fungi. As the protein domains are functional regions, they can provide unmistakable results even when BLAST searches yield no significant matches with the sequences of known pathogens. Additionally, information on functional domains allows to rank the contigs for subsequent processing such that contigs potentially originating from pathogenic agents are processed first.
Taxonomic assignment. DAMIAN employs the complete NCBI nt and nr databases to perform classifications. Searches with nucleotide and derived amino-acid sequences can be performed independently, iteratively or redundantly. Preliminary results are reported whenever a contig yields significant matches to a known microbial or viral agent. In addition to lowest common ancestor (LCA) based taxonomic assignments, DAMIAN also incorporates a two-pass method for taxonomic assignment. It aims at determining which species are present in a sample based on aggregated information from all contigs instead of assigning each contig individually.
Reporting. DAMIAN provides a comprehensive report in spreadsheet format for each sample (see Diagnostic Application section and Datasets S2-S11 for examples). The main page provides an overview of detected taxonomic entities. Entries are sorted and color-coded to allow for a quick identification of potentially pathogenic agents. The color-code depicts six different categories, red, pink, light blue, dark blue, grey and black. The first category (red) contains entries, which were classified as viruses based on sequence similarity and protein domains. For the second (pink) and third category (light blue) there is only evidence for viral sequences from either sequence similarity or protein domains. Phages are generally listed within a separate category (dark blue). The fifth category is for known artifacts or contaminants (grey), which can be defined by the user and the sixth and final category for everything else, bacteria, fungi and parasites (black). Additionally, DAMIAN enables its users to further investigate sequences, which did not yield significant alignments (see cohort analysis below).
The report is interactive and links entries of the main page to detailed views. These views display detailed data regarding the corresponding contigs, ORFs and protein domains. Additionally, nucleotide and amino acid sequences can be accessed. Other pages of the report contain information on general statistics like number of reads, amount of reads originating from the host and the size sequenced fragments. Program versions and parameters used are also part of the report. It is not necessary to wait for the preceding steps to complete before generating a report. Preliminary reports, integrating all information available so far, can be generated at any time.
Diagnostic application and comparison with existing software (Taxonomer, PathoScope and metaMix). To verify the ability of our tool to detect pathogens in diagnostic and putative outbreak settings, we applied DAMIAN to a number of specimens derived from patients suspected to suffer from common community-or hospital acquired infections or in the context of public health emergencies (Table 1) . Results were compared to those results obtained via Taxonomer BETA and PathoScope pipelines 11, 16, 17 (Tables 2-5 ). While Taxonomer, PathoScope and DAMIAN each incorporate all analysis steps, metaMix requires the results of sequence similarity searches as an input. The way the pre-processing is performed may immediately impact the results of metaMix. Here we used an IDBA-UD assembly and MEGABLAST results to perform the analysis. IDBA-UD was employed since it is also integrated in DAMIAN, and MEGABLAST was used to allow the analysis to complete within a similar time frame as the other tools. metaMix performance may improve if it is run with different, yet computationally more demanding, pre-processing steps. We included it in the comparison, because like DAMIAN and unlike the other two aforementioned tools, it is able to perform an analysis, which is based on contigs. All specimens were pre-analyzed by state of the art diagnostic tests as part of routine analysis procedures. The routine specimens included two respiratory (bronchoalveolar lavages (BALs) 104 and 3157) and one cerebrospinal fluid samples (CSF 7653), while the public health emergency-related specimens comprised one respiratory (BAL 4505) and three stool samples (1, 9792 and 9790). For all samples, we constructed strand specific RNA-Seq libraries from total nucleic acids extracted in a routine diagnostic environment. Libraries were multiplex sequenced on MiSeq or HiSeq2500 instruments with 2.4 to 3.3 million or ~25 million reads per sample, respectively. In general, DAMIAN reported first results after 10-20 minutes. Pathogenic agents were reported within less than an hour in most cases (Table 1) .
Respiratory (BAL) samples. DAMIAN readily detected Influenza A in the two routine diagnostic samples investigated in this study (BALs 104 and 3157). The presence of Influenza A was first called after 73 and 40 minutes in samples 104 and 3157, respectively, and inspection of the analysis report identified H1N1 and H3N2 strains as the most likely source of infection ( . Table S1 ). The significantly lower Ct value observed for Influenza A in BAL 104 is in agreement with the fact that the relative fraction of Influenza A reads was much higher in this sample compared to BAL 3157 (approximately 42 and 1.6%, respectively). The assembled contigs allowed recovery and strain assignments for all influenza genomic segments ( Fig. 2A ,B, Fig. 2B , Table 2 ). The co-infections with both Candida albicans and parainfluenzavirus 3 were confirmed by conventional diagnostic methods (fungal culture and PCR). We also included a third BAL sample (BAL 4505) which was one out of three samples of a suspected infectious disease outbreak published earlier 2,6 in our analysis. In accord with our previous results, DAMIAN correctly identified Chlamydophila psittaci and assigned 4.13% of all non-host reads to rRNA moieties originating from the intracellular bacterium ( Fig. 3 , Table 2 ). The comparative analysis results obtained with Taxonomer, PathoScope and metaMix for the three BAL sample datasets are shown in Table 2 . Comparison of BAL sample analysis results obtained by DAMIAN, Taxonomer BETA, PathoScope and metaMix. * Files >5GB are not supported by taxonomer BETA version; 10,000,000 reads were randomly sampled to meet 5 GB maximum size for upload. *Files >5GB are not supported by taxonomer BETA version; 10,000,000 reads were randomly sampled to meet 5 GB maximum size for upload. # fractional read abundance given by PathoScope. www.nature.com/scientificreports www.nature.com/scientificreports/ segment. PathoScope and Taxonomer were both unable to differentiate between H1N1 and H3N2 in samples 104 or 3157, respectively. MetaMix correctly assigned H1N1 to one contig. Furthermore, the observed co-infections of Candida albicans and parainfluenzavirus 3 were only identified by DAMIAN or Taxonomer for sample 3157 (Table 2) , whereas co-infections in sample 104 were detected by DAMIAN and metaMix.
Stool samples. We included three stool samples collected during a large outbreak of acute gastroenteritis (AGE) occurring in fall of 2012 in Germany 19, 20 , in our comparative analysis (Figs 4, 5 and Table 3 ). RNA from two samples (9790 and 9792) was sequenced with approximately 1.5 million reads per sample on a MiSeq instrument, while RNA material from the third (sample 1) was sequenced at a depth of 23.3 million on a HiSeq instrument. As expected for most stool samples 21 , only few host sequences were present (generally between 0.2 and 1.4%). Contigs aligning to caliciviral sequences were assembled in two of the three libraries: Sample 1 contained Norovirus (hNoV) sequences, whereas Sapovirus sequences were detected in sample 9792. In both cases, contigs representing complete or near-complete caliciviral genome sequences were recovered. In sample 1, inspection of the contigs furthermore readily revealed co-infection with three Norovirus strains. Sequences were assigned to two different genotype I strains (98.35% and 92.91% sequence identity to primate norovirus strain Simian NoV-nj (gb|KX396056) and the next closest relative, Chiba virus (gb|AB042808), respectively), and a third contig representing recombinant norovirus of genotype GII.16/GII.13 with 98.79% sequence identity to the Taipei/13-BA-1 isolate (gb|KM036380) ( Fig. 5 ).
Interestingly, samples 9790 and 9792 also contained reads from picornaviruses with significant nucleotide homologies to human parechovirus type 6 (hPeV6) or human parechovirus type 1 (hPeV1) ( Similar to the respiratory samples, the stool sample datasets were also analyzed by Taxonomer, PathoScope and metaMix. Results are summarized in Table 3 . DAMIAN, Taxonomer and PathoScope tools identified Sapovirus GI together with human parechovirus in sample 9792, but only DAMIAN and Taxonomer specified the human parechovirus as a type 1 strain. However, metaMix did not identify Sapovirus under the conditions used. The tools identified different Sapovirus strains (see Table 3 ) with DAMIAN identifying Sapovirus Hu/G1/ BE-HPI01/DE/2012, the sequence which was originally identified with DAMIAN from this sample and submitted DAMIAN, taxonomer both identified human parechovirus sequences in sample 9790. However, the three contigs assembled by DAMIAN unequivocally aligned to human parechovirus type 6, whereas Taxonomer assigned 46 sequence reads to human parechovirus type 1. PathoScope and metaMix did not detect any parechovirus sequences in sample 9790 ( Fig. 4, Table 3 ) at all.
The fact that DAMIAN assembled full-length contigs for 3 different norovirus genotypes in sample 1 suggests that this patient acquired an infection in the course of the 2012 norovirus outbreak, the largest recorded food-borne outbreak in Germany with more than 4,000 cases registered by the public health agencies 19, 20 . Most of the samples analyzed during this outbreak showed co-infection with multiple Norovirus genotypes, indicative of massive fecal contamination of food sources representing the origin of the outbreak 19, 20 . In accordance with the public health data, DAMIAN recovered two discrete full-length Noroviruses of genotype I as well as a recombinant GII.16/GII.13 genome from the sample. Together, over one million reads were mapped to the three genomes. MetaMix successfully classified two contigs as Calicivirus sequences of genotypes GI and recombinant GII.16/ GII.13, with the GI sequence being much more abundant compared to the recombinant genotype II. In contrast, Taxonomer assigned 2,570 reads to seven different Norovirus strains of genotypes I and II, whereas PathoScope classified 20,880 reads as originating exclusively from norovirus genotype I (Table 3) .
CSF samples. We included one routine diagnostic CSF sample in the comparison. The sample was submitted by the clinic with the request to detect viruses known to induce encephalitis in immune competent patients. Parallel to quantitative PCR for HSV, Enteroviruses, Mumps, Measles and Rubella, the sample was analyzed by DAMIAN, Taxonomer, PathoScope and metaMix. DAMIAN and metaMix both reported Echovirus 30, a call that is concordant with results obtained by diagnostic PCR ( Supplementary Table S1 ) and subsequent Sanger sequencing of the 250 bp fragment. Two contigs covering nearly the complete genome, were recovered ( Fig. 6 ). Taxonomer identified 123 reads as Enterovirus B, with 10 reads assigned to Coxsackievirus B2 and 49 reads to Enterovirus 30. PathoScope identified Enterovirus sequences (39 reads in total), however none of the reads was assigned to Echovirus 30 (Table 4 ).
SRR samples.
In addition to the the diagnostic samples collected in this study, we applied DAMIAN to three datasets (SRR533978, SRR1553464 and SRR1564804) which have been which have been used by Flygare and colleagues to evaluate the ability of Taxonomer to detect viruses in public health emergency samples 11 . Similar to our analysis of CSF, stool and BAL samples we compared the DAMIAN results of these datasets to those obtained with Taxonomer, PathoScope and metaMix ( Table 5 , Supplementary Fig. S1A -C and Suppl. Datasets S9-S11). SRR533978 represent RNA-Seq data from a serum of a patient with hemorrhagic fever caused by Bas Congo Virus (Suppl. Fig. S1A ). SRR1553464 is a plasma sample from a patient with Ebola virus infection (Suppl. Fig. S1B ), and www.nature.com/scientificreports www.nature.com/scientificreports/ SRR1564804 represent a plasma sample from a patient with Chlamydophila psittaci infection (Suppl. Fig. S1C ). All tools identified Bas Congo Virus in sample SRR533978, Ebolavirus Zaire in SRR1553464 and Chlamydophila psittaci as well as GB-Virus C in SRR1564804. In the case of the viral infections, DAMIAN recovered whole viral genomes for Bas Congo Virus (7 contigs, 467 bp-4,977 bp) and Ebolavirus (1 contig, 18,839 bp). GB-Virus C in sample SRR1564804 was only represented by two small contigs of ~600 bp, indicating it may have been present in relatively low copy numbers. Detection of Chlamydophila psittaci in the sample was based on contigs aligning to 16S and 23S rRNA. Differences between the individual tools were observed with regard to the number of reads assigned to the individual taxons. In addition, only DAMIAN, PathoScope and metaMix identified equine infectious anemia virus in SRR1564804. www.nature.com/scientificreports www.nature.com/scientificreports/ cohort based analysis. Identification of pathogen signatures shared among outbreak samples. To demonstrate the ability of the cohort-based analysis tool to identify pathogens that may be responsible of infectious disease outbreaks, we analyzed five CSF samples derived from an enterovirus meningitis outbreak occurring in the Hamburg region during summer 2015 ( Supplementary Table S1 ). CSF samples were negative by diagnostic PCR for HSV, VZV, EBV and Borrelia burgdorferi while samples showed Ct values between 31 and 33 for Enterovirus B PCR. As a negative control group in our cluster analysis, we used 22 unrelated routine diagnostic CSF samples that had tested negative in diagnostic taqman-PCR for a panel of viruses commonly involved in encephalitis. Table S3 summarizes the sequencing data of all samples included. Figure 5A depicts a schematic outline of our analysis. In total, more than 16,500 contigs were assembled across the 27 samples. The single linked cluster analysis tool integrated in the DAMIAN pipeline (see Material & Methods for details) produced 13,457 sequence clusters from these contigs. For each individual cluster, the fraction of positive samples in the outbreak and control cohorts was determined, and a cluster score was calculating by summation of the positive outbreak fraction value and negative value of the control fractions. Accordingly, the resulting score can take a maximum value of +1 if all samples in the outbreak cohort are positive while all controls are negative, or minimally reach a value of −1 if all control but no outbreak samples are positive. Overall, we observed 267 discrete patterns of positive and negative samples among the 13,457 sequence clusters, with scores that ranged from +1.00 to −0.45. A map of all signature patterns (sorted by descending score) along with their observed frequencies is shown in Fig. 7B . The full distribution of clusters and assignment of sequences within the cluster can be found in Supplementary Dataset S1.
Overall, a total of 30 sequence clusters were shared among all five outbreak samples; of these, 15 were not present in any of the control samples and consequently were awarded the highest score of +1.00 (see annotated top-scoring pattern in Fig. 7B and Supplementary Dataset S1). Only one of these fifteen clusters was assigned to a pathogenic species, namely Enterovirus B. Interestingly this cluster contained 14 contig sequences, with the longest contig encompassing 7,337 nt (and thus extending over the entire length of the Enterovirus B genome). The contig contained one single ORF with proteins clearly identified as Enterovirus protein domains (see Supplementary Dataset 1) . The other eleven clusters were either of environmental or commensal bacterial origin (n = 6), unknown origin (no match in NCBI database, n = 4) or unclear origin (Calidris pugnax, n = 1). Thus, while DAMIAN readily classified the assembled Enterovirus B contigs taxonomically due to their nucleotide homology to existing NCBI database entries, even if the taxonomic classification had failed the approach presented here would have reduced the number of candidates that may be responsible for the outbreak to just a handful.
Reoccurring viral contaminants. In addition to its value for identifying putatively novel pathogens, the cohort based analysis tool is also useful to identify and flag common contaminants that are frequently present in NGS data. Such contaminants, for example, may reflect environmental bacteria that are introduced by excessive handling of the diagnostic specimen. In addition, contaminants may be introduced via laboratory materials and reagents, for example, retroviral sequences that originate from reverse transcriptase enzyme preparations in library kits, or parvoviral sequences that likely stem from silica gel columns used for nucleic acid extraction 14, 22, 23 . By virtue of the fact that they register in all (or nearly all sequences), such sequences can be easily identified by Supplementary  Table S2 ) that we have frequently detected in our metagenomic DNA or RNA shotgun sequencing experiments. These sequences are identified by DAMIAN and flagged as putative contaminants in the DAMIAN output files (for examples, see entries in light grey color code in Supplementary Datasets S2-S11). To our knowledge, no other tools aimed at diagnostic NGS applications recognize such contaminants. For example, both PathoScope and Taxonomer report alpharetroviral sequences in BAL sample 104, whereas DAMIAN clearly flags the corresponding contigs as putative contaminants (Supplementary Dataset S2).
Discussion
DAMIAN is a publicly available, comprehensive software tool for the fast and reliable detection of pathogens specifically in diagnostic samples. To our knowledge, it is the first software to include a tool for cohort based analyses, a feature which can be highly valuable in infectious disease outbreak scenarios where multiple samples have to be compared for presence of shared pathogen sequences. DAMIAN is easy to use and easy to install. Its output provides an interpretation of its findings (including flagging of commensals and technical artifacts) and allows for fast decision making in clinical context. Assembled sequences, which often represent complete or near-complete viral genomes, are a part of the output. DAMIAN automatically documents its analyses. Software and database versions, parameters and similar information is stored and allows to quickly describe or reproduce an analysis.
Using primary/authentic diagnostic samples that have been well characterized by conventional diagnostic (culture and PCR) methods (Figs 2-6 ), as well as publicly available benchmarking data sets originally used to validate the Taxonomer pipeline (Table 5 ; Supplementary Fig. S1 and Supplementary Datasets S9-S11), we have verified that DAMIAN accurately identifies viral and bacterial pathogens. Furthermore, DAMIAN allows reliable classification of viral sequences at the species level and, in most cases, even at the strain level. Compared to DAMIAN, the other tools tested here provided strain level assignments which were substantially more error prone or incomplete. This is especially true for those tools, which are based on classification of single reads (PathoScope, Taxonomer). For example, only DAMIAN was able to assign Sapovirus, Chiba Virus and Norovirus strains in human stool samples. DAMIAN is furthermore superior in detecting and differentiating between individual strains of multiple viral species present in a single sample, as demonstrated by the analysis of a stool a sample (sample 1) originating from a large AGE outbreak in Germany that had been caused by sewage-contaminated food sources. Indeed, DAMIAN was not only able to identify the individual strains, but also assemble complete (or near-complete) genomes of the GI and GII Norovirus genotype viruses, a feature which is highly valuable when investigating infectious disease outbreak situations such as the 2012 AGE outbreak 19, 20 .
Of note, while the data presented in Tables 2-5 demonstrate complete or near complete recovery of RNA virus genomes (or genome segments) with a size of 20 kb or less, DAMIAN is also able to assemble considerably larger viral genomes. For example, we recently used a previous version of the pipeline to help recover the full sequence of a novel seal parapoxvirus from DNA-seq reads derived from a skin lesion 24 . In Supplementary Fig. S1D and Dataset S12 we furthermore demonstrate that RNA-seq reads can be used to recover near-complete DNA-virus genomes. In this case, unbiased RNA sequencing of a human stool sample from an immunosuppressed patient allowed recovery of 12 contigs (1,929 bp to 10,132 bp) which covered the full genome of human adenovirus type 31. Of course, successful assembly of complete DNA viruses from RNA-seq reads will require abundant transcription across the majority of the viral genome. Hence, RNA-seq of samples in which viral transcription is restricted (e.g., latently infected cells) are very unlikely to yield complete viral sequences. The possibility to perform cohort-based analysis of multiple samples represents a unique advantage of the DAMIAN pipeline. Independent of taxonomic classification, this tool allows the identification of sequence signatures that are uniquely (or preferentially) associated with a given sample (e.g., disease-associated) cohort when compared to a collection of control samples. While information from external database can be integrated, the main advantage of this approach is that such information is not at all required to detect pathogenic agents.
We have previously used a similar approach to help resolve a suspected outbreak involving three patients suffering from severe pneumonia. As initial routine diagnostics failed to detect an infectious agent, it was speculated www.nature.com/scientificreports www.nature.com/scientificreports/ that the cases may represent an outbreak of a novel pathogen. Upon NGS-based analysis of BAL material, however, our pipeline readily called the presence of Chlamydophila psittaci in one of the samples, an infection which was subsequently confirmed by routine diagnostic procedures as the cause of the observed clinical symptoms. Importantly, neither on the level of taxonomic assignments nor after performing pairwise BLAST alignments did we find any evidence of a potential shared pathogen sequence signature among the three samples, strongly arguing against the hypothesis that the cases represented an outbreak of a novel pathogen 6 .
While the above example highlights the usefulness of combining taxonomic assignment with cross-sample sequence alignments to rule out an infectious disease outbreak, we here also demonstrate the ability of the Depending on the distribution of samples that do or do not contribute contigs to a given cluster, these can be assigned to one of a total 267 observed 'signature' patterns. The lower panel schematically depicts the highest (score = + 1), lowest (−0.45) and neutral (0) scoring signature patterns, with filled (dark green or grey for encephalitis or cohort samples, respectively) or empty squares symbolizing samples that do or do not contribute contigs, respectively. The total numbers of clusters assigned to each of the three signatures is shown to the left. (B) Distribution map and frequencies of observed signature patterns. Each row depicts one of the 267 observed signature patterns as described above under (A). Signatures (black and light gray rectangles for positive and negative samples, respectively) are ordered by their score (plotted to the right). The ten signatures in which all encephalitis samples contribute contigs are shown enlarged at the top. The colored heat map bar to the left indicates the number of clusters that share a given signature pattern. The taxonomic annotation (lowest common ancestor of individual contig assignments, or 'unknown' if contigs do not have significant hits) of the 15 clusters with the highest scoring pattern are indicated at the top. DAMIAN cohort analysis tool to identify a causative pathogen in authentic outbreak samples. Remarkably, the assembled Enterovirus B genomes represented one of only a handful of clusters that were shared among all five outbreak samples, but were not present in the control cohort. Notably, while Enterovirus B was also identified taxonomically, the clustering result per se is completely independent of taxonomic classification. Even if Enterovirus sequences were not present in the database (or if no reference databases were available at all), it would be fairly straightforward to hunt for the causative agent among the top-scoring fifteen candidates that were ranked solely due to their pairwise sequence homology across the sample cohorts.
Naturally, depending on the given type of disease or diagnostic specimen it will not be always feasible to presume that a causative pathogen must be present in 100% of the outbreak samples at the time of diagnosis, while being completely absent from the controls. Even in such scenarios, however, ranking of the contigs according to the scores awarded by the cohort analysis tool will allow identification of those sequences which are preferentially associated with a given disease cohort. Hence, especially in cases where the presence of a potentially novel pathogen is suspected, we expect that researchers as well as clinicians will find DAMIAN a valuable tool to help eliminate contigs originating from common microorganisms or contaminants, and thus aid in focusing on those sequences that represent the most promising candidates for a causative pathogen.
Materials and Methods
Quality control. Trimmomatic 25 was integrated for the optional removal of low quality bases and sequencing adapter sequences. DAMIAN executes the program with predefined parameters, which can be modified. Information on read properties prior and after this step is collected by DAMIAN and stored in its database.
Digital subtraction and abundance estimations. Digital subtraction and abundance estimation of
unwanted sequence reads is optional and DAMIAN can be used with any number of different host reference genomes or no host genome at all. Bowtie2 26, 27 was integrated for read alignment tasks. Host abundance estimation is performed on a subset of sequence reads (default 1 M reads) using Bowtie2's 'sensitive-local' parameter preset. Reads aligning without insertions and deletions and with a minimal mapping quality of 10 are used to estimate the size of sequenced fragments and its standard deviation. Digital subtraction is performed on all reads. Here the 'fast' preset is applied, which enforces end-to-end alignments. Bowtie2, like all other tools, was integrated and the user is not required to be familiar with its functionality. Sequence indices, for example, are built automatically.
Assembly and assessment of basic contig features. Sequence reads are assembled using IDBA-ud 28 .
Following its author's instructions, the source code of the program was slightly modified to support reads up to a length of 250 bp. DAMIAN processes the assembled contigs individually. It extracts open reading frames by translating the contig sequences in the six possible reading frames and subsequently identifying putative amino acid sequences of a given minimal length (75 bp per default) which are not interrupted by stop codons. Sequence complexity is assessed using dustmasker from the NCBI Blast + suite. Contig abundance is calculated based on the alignment of sequence reads to the contigs. This task is performed with Bowtie2. Coverage tracks for every contig are stored in the database. functional annotation and contig ranking. Derived amino acid sequences are screened for known protein domains using HMMER 29 and the PFAM 30 database. DAMIAN classifies PFAM domains according to their taxonomic occurrences. Asides from being an additional level of evidence for the detection and classification of pathogens, the domain annotation is also used to determine the order in which contigs are processed in the subsequent analysis steps. Contigs are ranked according to the number of bases located in annotated domains and according to whether or not these domains are known to be exclusively present in viruses. Reordering the contigs does not affect the results, but since DAMIAN reports important findings immediately and since preliminary results in Excel-format can be generated before an analysis is finished, the ranking leads to putative pathogens being reported earlier. taxonomic assignment. Ranked contigs are processed with BLAST 31 to identify similar sequences in NCBI's nt and nr database. The default strategy is to perform only MEGABLAST searches. Optionally BLASTN and BLASTP can each be used on every contig or only on contigs, which did not yield a match with the preceding less sensitive search. For every contig, all matches with a bitscore at least as high as 90 percent of the highest observed bitscore for a given contig, are stored in the database. Additionally, NCBI's taxnames and taxnodes are used to traverse taxonomic lineages and determine the lowest common ancestor (LCA) for the matches with the single highest bitscore and, separately, for those matches in the stratum defined above. If the LCA is a viral taxon and neither a phage nor a deliberately excluded taxonomic entity, then it is being reported immediately. Once all contigs have been processed with BLAST, the initial analysis is complete. At this point, final reports can be generated for individual samples or a cohort of previously processed samples can be analyzed jointly.
Refined taxonomic assignment and reporting. For the report of individual samples, contigs are taxonomically assigned a second time using a strategy which incorporates information from all contigs. First, all species observed in any BLAST match of any contig are ranked according to the bitscore of the matches and abundance of the contigs yielding these matches. Then every contig is assigned to the highest scoring species it yielded a match for. This strategy follows the assumption that if a contig C1 can be unambiguously assigned to a species S1 and another contig C2 could equally well be assigned to species S1 or S2 then the most parsimonious explanation for this observation is, that both C1 and C2 originate from species S1. Only in rare cases, where this algorithm does not yield an unambiguous match on species level, an LCA is computed from all optimal matches.
